Bouligand structures are widely observed in natural materials; elasmoid fish scales and the exoskeleton of arthropods, such as lobsters, crabs, mantis shrimp and insects, are prime examples. In fish scales, such as those of the Arapaima gigas, the tough inner core beneath the harder surface of the scale displays a Bouligand structure comprising a layered arrangement of collagen fibrils with an orthogonal or twisted staircase (or plywood) architecture. A much rarer variation of this structure, the double-twisted Bouligand structure, has been discovered in the primitive elasmoid scales of the coelacanth fish; this architecture is quite distinct from "modern" elasmoid fish scales yet provides extraordinary resistance to deformation and fracture.
Introduction
The evolution of the integumentary skeletons of fish, in the form of their scales, reveals a pathway of how natural selection balanced and optimized their lightweight, flexibility and effective toughness to provide protection and retain mobility. Large juxtaposed plates in ancient fish could provide a protective shield but impeded movement and locomotion (Bruet et al., 2008; Wagner and Aspenberg, 2011) . Boxfish, leatherback sea turtles and armadillos (Chen et al., 2011; Chen et al., 2015; Yang et al., 2015) still use this juxtaposed pattern to connect their structural features, as shown in Figure 1a ,b. During evolution, the juxtaposed fish plates separated and imbricated into smaller ones; a good example that still exists today is the ganoid scale, which possesses highly mineralized layers for penetration resistance (Yang et al., 2013b) . However, such rigid individual units with a small degree of imbrication, i.e., the ratio of their exposed length to total length, can severely compromise flexibility, as for example with the fish scales of the alligator gar shown in Figure 1c . The prevailing type of fish scales today are elasmoid scales (Fig. 1d ), which are much more compliant.
They possess a harder outer layer to resist predatory attacks, but with a markedly reduced mineral content, and a tougher laminate inner core composed of non-mineralized or slightly mineralized collagen fibrils to accommodate the excessive deformation. The tough inner core of many elasmoid scales, such as those of the carp and Arapaima gigas fish, exhibits a layered arrangement of collagen fibrils that follows an orthogonal or twisted staircase (or plywood) structure, known as the 'Bouligand-type' structure ( Fig. 2a) , where each layer is rotated with respect to the one directly adjacent to it. In this fashion, a helicoidal structure is produced that can be found in many different species. In the arapaima fish scale, the orientation of the collagen fibrils varies from layer to layer, which are designed to accommodate the imparted deformation and enhance the scale's toughness through fibrous collagenous lamellae rotation, fibril straining and interfibrillar sliding (Murcia et al., 2017; Quan et al., 2018; Torres et al., 2015; Yang et al., 2014; Zhu et al., 2012; Zhu et al., 2013; Zimmermann et al., 2013) ; we term these ductile Bouligand structures. This architecture can also improve in-plane isotropy of structure since helically stacked highly aligned layers can better withstand omni-directional forces (Ling et al., 2018) .
Figure 2.
Schematic illustrations of Bouligand structures. (a) Single Bouligand structure, typical of Arapaima gigas fish scales, and (b) the rarer doubletwisted Bouligand structure, found in coelacanth fish (Quan et al., 2018) . (Interbundle fibers in double-twisted Bouligand structure in coelacanth are not shown in these schematics).
Bouligand structures are also widely observed in the exoskeleton of arthropods, such as lobsters (Al-Sawalmih et al., 2008; Raabe and Sachs, 2005; Sachs et al., 2006) , crab (Chen et al., 2008; Dennell, 1974) , mantis shrimp (Guarín-Zapata et al., 2015; Suksangpanya et al., 2017; Tadayon et al., 2015) and insects (Yang et al., 2017a) . These chitin-nanofibril-based natural materials are far stiffer and non-deformable compared to elasmoid fish scales (Dastjerdi and Barthelat, 2015; Quan et al., 2018; Yang et al., 2013a; Zimmermann et al., 2013) . The Bouligand architecture in this type of material lead to a twisting crack front advance which serves to increase the fracture toughness primarily by crack deflection (Suksangpanya et al., 2017; Suksangpanya et al., 2018; Zaheri et al., 2018) ; we term these brittle Bouligand structures. Theoretical analyses of such twisted crack trajectories within these Bouligand structures have been proposed (Fischer et al., 2017; Suksangpanya et al., 2017) with the enhanced toughness attributed to the increment in crack-surface area and fracture mode-mixity. Recently, through the use of additive manufacturing techniques, fracture mechanisms have also been explored experimentally in fabricated biomimetic Bouligand type materials (Chen et al., 2018; Feilden et al., 2017; Suksangpanya et al., 2018; Yang et al., 2017b; Zaheri et al., 2018) . Computational approaches, such as finite element methods with a pre-defined cohesive interface, have also been applied to study the phenomenon of twisted cracks in the brittle form of the Bouligand structure (Suksangpanya et al., 2018) .
There is a second type of Bouligand structure in nature, which is much rarer but has been found in the primitive type of elasmoid scales of Chordata fish (Giraud et al., 1978; Quan et al., 2018) , such as the "living fossil" coelacanth fish and the Australian lung fish. This is the unique double-twisted Bouligand structure ( Fig. 2b ) that is quite distinct from the prevailing current elasmoid fish scales (Quan et al., 2018) . Instead of being simply a twisted plywood structure, the double Bouligand structure uses the orthogonal bilayer as a unit to further form the twisted plywood structure, and has an array of fibrils perpendicular to the laminate structure, mainly along the thickness direction, called the interbundle fibrils; these hold the structure together and keep the bilayers from separating.
In this study, we use phase-field fracture mechanics methodologies to computationally examine the relative fracture toughness of the single vs.
double-twisted Bouligand structures in laminated natural materials. Fracture tests of 3-D printed Bouligand-type materials further support the modeling and complement our understanding of the fracture mechanisms in Bouligand-type structures. We conclude that the toughest scale is achieved by the rare double-twisted Bouligand structure of lamellae, which is enhanced by the constraint provided by the extra inter-lamellae fibril bundles. 6 (Yang et al., 2014) . (b) Corresponding damage in the vicinity of a crack tip in a double Bouligand structure under load (Quan et al., 2018) . Experimental observation of tip of a tensile-loaded crack in (c) single and (d) double-twisted Bouligand structures.
Characteristics of natural single and double-twisted Bouligand structures
Under tensile loading, fish scales with the ductile Bouligand structure are highly stretchable with multiple toughening mechanisms activated, including the rotation, stretching and delamination of the fibrillar lamellae. The lamellae separate readily when the scale is subjected to deformation, as shown in Figure 4a (Yang et al., 2014) . In contrast, fracture in the doubletwisted Bouligand structure involves more complicated mechanisms, as can be seen at the tip of a loaded crack in the Coelacanth scale ( Fig. 4b ). Tri-dimensional effects due to the interbundle fibrils create a more complex crack-tip morphology. Indeed, Figures 4c,d show the difference in the damage in the vicinity of a crack in the single vs. double-twisted Bouligand structure. Both show significant crack-tip broadening with resistance to crack propagation. In a larger arapaima fish scale in Figure 4c , one can clearly see the orientation of the collagen fibers and how they become stretched at the blunted crack tip; a clear image of more blunted crack in the coelacanth fish scales with double-twisted Bouligand structure, shown in Figure 4d , indicates less delamination between the lamellae due to the constraint of the interbundle fibrils.
Computational modeling of fracture in the Bouligand-type structures
To explore the degree of toughening in natural materials and to compare two biological strategies, single vs. double-twisted Bouligand structures, we adopted an anisotropic phase-field fracture mechanics model. Due to the unique Bouligand architecture, the twisting nature of the crack front is essential to the modeling. Distinct from previous cohesive zone modeling, CZM, (Xu and Needleman, 1994) of the Bouligand structure, which required pre-defined crack interfaces (Suksangpanya et al., 2018) , one key advantage of the phase-field fracture model lies in predicting complex crack paths which can capture the twisting front automatically.
The phase-field fracture method is based on the variational formulation of brittle fracture (Bourdin et al., 2000; Francfort and Marigo, 1998) , and is mechanism-independent. By introducing the idea of a diffusive crack through a phase-field damage parameter (Bourdin et al., 2008; Miehe et al., 2015; Miehe et al., 2010b) , it can avoid the realization of sharp crack discontinuities and overcome the difficulty in capturing complex crack topologies. Recent extensions of the phase-field fracture method have been successfully applied to polymers (Miehe and Schänzel, 2014) , polymeric gels (Mao and Anand, 2018; Mao et al., 2017) , chemo-mechanical batteries and soft biological tissues (Gültekin et al., 2018; Raina and Miehe, 2016) .
In biological tissues, the fracture behavior is anisotropic due to the highly oriented collagen fibrils in the stacked lamellae (Yang et al., 2017a) . To account for this, an orientation-dependent phase-field fracture method has been developed with anisotropic surface energy depending on the underlying fiber direction (Gültekin et al., 2018; Li et al., 2015; Teichtmeister et al., 2017) .
The anisotropic phase-field fracture model
In this work, we replace the strain-energy density function in the classical phase-field fracture model with a constitutive law more attuned to biological tissue, that of a hyperelastic law under a finite-strain framework, and adopt an anisotropic crack-surface density function (Teichtmeister et al., 2017) to model the deformation and fracture behavior of the individual lamellae in the Bouligand-type structures.
The pseudo-energy potential of the system can be written as:
where Ω ⊂R 3 is the reference configuration of a material body in space, d ∈[0, 1] is the phase-field parameter, in which d=0 represents undamaged material, and d=1 represents totally damaged material. Ψ e is the strainenergy density of the material, u is the displacement field, G c is a parameter related to fracture energy, and γ l (d , ∇ d ) is the crack-surface density
where k is small value for numerical stability.
The energy-based fracture criterion (Miehe et al., 2015) is used and the irreversibility of the damage evolution is achieved through a history-variable (u , s) . The problem can be split into two quasi-independent minimization procedures and a robust staggered scheme (Miehe et al., 2010a; Molnár and Gravouil, 2017) is implemented to solve the equations.
The anisotropic crack surface density function (Teichtmeister et al., 2017) is written as:
where a is the material direction (fiber direction), l 0 is a length-scale parameter and α is an anisotropy coefficient.
The hyperelastic constitutive law is of the form:
where F is the deformation gradient, J=det F, C is the right Cauchy-Green tensor, I 4 =tr [CM ], M=a ⨂ a, μ is the shear modulus, and β and χ are material parameters. This form can be replaced by other constitutive laws for different material systems. Benchmark tests to verify this approach and
representative numerical examples can be found in Appendix A. Further details of the nature of the phase-field fracture method can be found in literature (Miehe et al., 2010b; Molnár and Gravouil, 2017; Teichtmeister et al., 2017) .
The basic unit of the Bouligand structure is a single lamella. To illustrate the anisotropic fracture in this basic unit, we consider a 3-D rectangular plate which contains a single-edge notch in the center. As shown in Figure 5a , the bottom of the sample is fixed in vertical direction whereas a linearly increasing displacement u is applied at the top. The dimension of the single lamella is 5 mm x 10 mm x 0.0 5mm and the length of initial crack is 2 mm.
The anisotropic phase-field fracture model is implemented in this work using 12 8-noded isoparametric (3-D) elements. The material is as described above with fiber direction a which is inclined at an angle θ with respect to the horizontal direction. Other parameters used in the simulations are given in , which gave a shear modulus of μ=38 MPa with β= 2 ν 1−2 ν =1.5. The energy stored in collagen fiber configurations is taken as the anisotropic portion of the energy, as has been extensively proposed in the literature (Itskov and Aksel, 2004; Schröder and Neff, 2003; Schröder et al., 2008) . Here we adopted a simplified form: χ 4 ( I 4 −1 ) 2 , with χ chosen as 0.2% of the shear modulus. G c is the characteristic critical energy release rate, which is set as 1 N.mm -1 . l 0 is the characteristic length-scale that determines the width of the diffusive crack; according to the results of Miehe et al., (2010) , this length-scale parameter is always taken to be two times larger than the smallest element around the crack path. α is the anisotropy coefficient. For higher α values, the anisotropic effect is stronger and crack is more likely to propagate along the fiber direction. The α term also contributes to the value of characteristic fracture energy. In current model, we chose α=10 since this value can guarantee the deflection of crack along fiber direction, as shown in and will be shown to play an important role in the fracture toughness of the resulting structure, as further described below. 
Simulation Results
The current model contains 12 different layers with different fiber orientations, in which the angle of twist θ ranges from -90° to 75° with an equal difference. For the single Bouligand structure, the stacking angles are arranged as: -90°, -75°, -60°, -45°, -30°, -15°, 0°, 15°, 30°, 45°, 60°, 75°, while the stacking angles for double-twisted Bouligand structure are: 0°, -90°, 15°, -75°, 30°, -60°, 45°, -45°, 60°, -30°, 75°, -15°. These represent typical stacking sequences in fish scales, respectively for the Arapaima gigas (Yang et al., 2014) and coelacanth (Quan et al., 2018) . Periodic boundary conditions (Wu et al., 2014) are applied in the stacking direction. An identical loading condition to that in Figure 5a is applied to the multi-layer model. Figure 6b shows the simulated stress-strain curves for the single and double-twisted Bouligand structures with either perfect bonding (blue and red curves) or no interaction conditions between the layers (black curve).
For the latter case of no interaction between the differently oriented layers, which we define as the "independent layers" case, the total stress-strain curve is simply the average of the stress-strain curves from all of the different individual lamella; the specific architecture of the single or doubletwisted Bouligand has no effect during deformation and the stress-strain curves converge to the black curve in Figure 6b . Due to the highly anisotropic properties of the different layers, the initiation of the crack is different between the layers. Apparently, the lamella with a fiber orientation perpendicular to the tensile direction will sustain more mode-I loading and the crack will initiate and propagate firstly in those layers. Multiple stress drops were observed in the black (independent layers) curve; these drops represent the initiation of cracking in the different layers.
For the case of perfect bonding between the layers, i.e., computationally achieved by sharing nodes between layers, the red curve in Figure 6b corresponds to the stress-strain curve for the double-twisted Bouligand structure and the blue curve to the single Bouligand structure. By integrating the area under stress-strain curves up to the maximum stress (Shin et al., 2016) , where the critical energy release rate is given by G=2 Hb ∫
H is the half width of the strip, b is the thickness, and ϵ 0 is the critical strain at the peak stress, and converting to a stress-intensity factor, we can estimate the relative fracture toughness of the two structures and compare this with the toughness for the independent layer case. As shown in Figure   6c , the fracture toughness of the single and double-twist Bouligand structures are both higher, respectively by 32% and 54% for the perfect bonding condition, compared with the independent case. Specifically, the double-twisted Bouligand structure is predicted to be roughly 17% tougher than the single Bouligand structure.
These stress-strain curves indicate that the double-twisted Bouligand structure can sustain a higher magnitude of loading before crack initiation, with a roughly 20% higher critical strain for fracture than the single Bouligand structure. Examination of the fracture process during the simulation reveals significant differences in the morphology of crack-tip front between the single and double-twisted Bouligand structures. As shown in where the fiber orientation is perpendicular to the loading direction, i.e., which sustains more mode-I loading, such that the overall crack patch is constrained in this direction and the complete crack front between the layers is far more blunted than that for the single Bouligand structure. Videos of such simulated 3-D morphologies of the damage field at the crack tip for the single and double Bouligand structures are available in the Supplementary Materials. Figure 7 shows these morphologies of crack-tip damage in their final states. Consistent with the initial crack damage fields shown in Figure   6e , there is a clear twist on the fracture surface in the single Bouligand sample, shown in Figure 7a , whereas in the double-twisted Bouligand sample, the fracture surface is more blunted and straighter (Figure 7b ).
The crack-tip damage zones predicted by the current phase field model ( Figures 6e,d, Figure 7) are consistent with the crack-tip morphology in 3-D printed synthetic Bouligand samples discussed below. Moreover, up to the onset of catastrophic failure, significantly more energy can be dissipated through the creation of multi-layer damage in the double-twisted structure, as the damage zone, defined by the volume of elements with d > 0.95 in the undeformed configuration ( Fig. 7) , in the double-twisted Bouligand structure is significantly (~60%) larger than that in the single Bouligand structure. Morphologies of crack-tip damage in (a) the single Bouligand structure and (b) the double-twisted Bouligand structure. False colors represent phase-field (damage) parameter d in a range from 0.9 to 1. There is a clear twist in the fracture surface in the single Bouligand structure, which is not apparent for the double Bouligand structure.
Role of interfibrillar shear strength
Based on the above predictions of the fracture toughness of the Bouligand structures with perfect interlayer bonding and with no bonding, i.e., for the case of independent layers, it is evident that the interfibrillar shear strength between different lamellae plays a key role in the resulting toughness of the Bouligand architecture.
If there is no bonding between the layers (independent layer case), the Bouligand twisted plywood structure cannot contribute to the total toughness of the material and the effect of all the different stacking sequence will vanish and the structure will converge to the same constitutive behavior, designated by the black line in the stress-strain curve in Figure 6b . Perfect bonding here means the neighboring lamellae in the finite-element mesh share the same nodes on the contact surfaces, which is an ideal situation where the interfibrillar shear strength is infinite. The case of perfect bonding thus provides an upper limit of the confinement from neighboring lamella to the fracture opening and represents the situation where the toughening generated by the Bouligand structure is maximized.
In actual natural materials, clearly the interfibrillar shear strength is finite (Szczesny and Elliott, 2014) Table 2 . By tuning the critical force of the nonlinear springs, interfibrillar shear strengths can be changed, as shown in Table 2 
Interbundle fibers in double-twisted Bouligand scale
For the coelacanth fish scale, extra interbundle fibers were found along with the double-twisted Bouligand structure (Quan et al., 2018) . Figure 9 shows Interfibrillar sliding in collagenous systems is a prime plastic deformation mechanism and hence contributes to the toughening of fish scales. Based on in situ small-angle x-ray scattering measurements on such scales under load, this mechanism has been shown to contribute to the global strain of the entire Bouligand structure, as compared to the smaller local strain within the collagen fibrils (Quan et al., 2018; Yang et al., 2014; Zimmermann et al., 2013) , consistent with our model predictions that interfibrillar shear strength plays a critical role in establishing the fracture toughness of Bouligand-type structures. Specifically, the existence of interbundle fibers serves to substantially increase interfibrillar shear strength, and this is one of the prime reasons for the increased fracture toughness of the double-twisted
Bouligand materials. Figure 10a shows the sliding, peeling and delaminating of collagen fibrils in the single Bouligand structure under the tensile loading.
However, in contrast, in the double Bouligand structure with interbundle fibers, such sliding first occurs between the interbundle fibers and collagen fibrils, and then within the collagen fibrils themselves, as shown in Figure   10b where sliding of the collagen fibrils between the interbundle fibers, along with the rotation of the fibers, takes place under tensile loading. Although the existence of such interbundle fibers may enlarge the thickness of the collagen lamellae in the coelacanth fish scale, which serves to lessen its flexibility and locomotion, it can substantially enhance the fracture toughness through its concomitant enhancement in the interfibrillar sliding stress. 
Synthesis and testing of Bouligand-type materials through 3-D printing
To complement our understanding of the evolution of damage and toughening mechanisms during fracture in single and double-twisted Figure 11a shows the stress-strain curves of the fabricated Bouligand structures. Consistent with the phase-field modeling, the double-twisted Bouligand structure can sustain 16% higher magnitude of loading before crack initiation. The fracture toughness was obtained by integrating the loaddisplacement curves up to the maximum load point and then converting to a stress-intensity factor; the toughness of double-twisted Bouligand structure was 15% higher than that of the single Bouligand structure, which is very close to the 17% value predicted by the modeling. The inserts in Figure 11a show the fracture surfaces of the two different synthetic Bouligand structures. The fractured single Bouligand sample, shown in Figure 11c , clearly displays a continuous twisted crack surface, whereas, in contrast, the crack path in the double-twisted Bouligand sample is far straighter with no twisting observed on the crack surface ( Fig. 11d ). Such crack-tip damage and subsequent crack-path trajectories in the synthetic Bouligand materials compare well with the corresponding predicted morphologies from the phase-field modeling (Fig. 7a,b) .
As a reference, we also 3-D printed synthetic samples with only one fiber direction. Again, following the definition of fiber angle in Figure 6a , these non-Bouligand structures contained single fiber orientations at angles of 90°, 67.5°, 45° and 22.5°. As expected, the non-Bouligand samples show highly anisotropic elastic and fracture properties which depend on the relative orientations between fiber, initial crack length and loading, as shown by the experimentally measured stress-strain curves in Figure 11b . The 90° sample, where the fibers align along the loading direction, i.e., perpendicular the initial crack, can sustain most loading; here the sample fails by fracture of the fibers and generates the highest toughness. When the fibers are oriented at an angle to the loading direction, the sample becomes weaker as the crack is able to deflect and propagate into the soft matrix along the fiber directions. In Figure 11e , 
Appendix A. Benchmark tests and representative numerical examples
We demonstrate the veracity of the implemented phase field fracture mechanics model in this work by comparing with previous models, analytic solutions and a representative numerical example.
Our phase field fracture model was implemented through the AceGen platform (Korelc, 2002) , in which the strain energy constitutive law Ψ e and crack-surface density function γ l (d , ∇ d ) can be conveniently altered and generate user elements automatically.
A1. One element test (linear-elastic version)
To verify our implementation of the model with the AceGen platform, we first generate a linear-elastic version of phase field fracture model and compare the one element test results with analytical solutions with the code provided by Molnár and Gravouil, (2017) .
The strain energy function used here is the linear-elastic function: Figure A1a . All the parameters are set to be the same as benchmarks in Molnár and Miehe's work (Miehe et al., 2010b; Molnár and Gravouil, 2017) . The Young's modulus of the element is set to E =210kN /mm 2 and the Poisson's ratio to v =0.3. The critical energy release rate is G c =0.005kN /mm and the length-scale parameter is l 0 =0.1mm. The anisotropic parameter α is set to be 0.
The uniaxial tension of one element can be solved analytically. According to the boundary condition, we have u y ≠0,u x =u z =0; accordingly, the elastic
The phase parameter can then be solved by minimizing Eq. (A1), viz:
in which ∇ d=0 for this test.
Thus, the analytical solution of phase parameter is given by:
The corresponding axial stress can be written as:
, such that the degradation function can be described as:
(A3) Figure A1a shows the axial stress computed using the Molnár's code, together with the analytical solution (Eq. (A3)). Figure A1b shows the phasefield parameter d as a function of the applied strain. Figures A1a,b demonstrate that using the current implementation of the phase-field fracture model, we can obtain exactly the same solution as the Molnar's code and agree closely with the analytical solution (Eqs. (A2-3) ). 
A2. One element test (finite strain, hyperelastic version)
To verify our implementation of the model with a hyperelastic constitutive law in finite strain, the implemented user-defined element used here is created by replacing the strain energy function as a=(1,0,0) .
Similarly, the uniaxial tension of one element can be solved analytically.
According to the boundary condition, we have u y ≠ 0,u x =u z =0, thus the deformation gradient is given by:
Accordingly, we can obtain J=det F =1+ϵ y , tr (C )=(1+ϵ y ) 2 +2 and I 4 =1. Thus, the strain energy as a function of axial strain ϵ y is:
As above, the phase parameter d can be solved by minimizing Eq. (A1).
The analytical solution of phase-field parameter can then be written as:
The corresponding axial stress is σdϵ y = ∂ Ψ e ∂ ϵ y =μ ( 1+ ϵ y ) −μ (1+ϵ y ) −β−1 , and as such, the degradation function is given by:
(A6) Figure A2a shows the axial stress computed by analytical solution (Eq.
(A6)) and our current work. Figure A2b shows the phase-field parameter d as a function of the applied strain. The black line represents the results of this work; the black circles represent the analytical solutions in Eq. (A5). Very good agreement can be found between the current implementation and analytical solution, as shown in Figure A2 . 
A3. Perforated asymmetric bending test
To further validate our implementation, we performed the numerical test known as perforated asymmetric bending test (Bittencourt et al., 1996) and compared the results with previous simulation and experiment observations (Miehe et al., 2010b; Molnár and Gravouil, 2017) . rate is G c =0.001kN /mm and the length-scale parameter is l 0 =0.025mm. The anisotropic parameter α is set to be 0. Figure A3a shows the geometry and boundary conditions of the tested asymmetric notched beam with three holes. The mesh around the holes and the initial crack are refined to be toughly h = 0.01 mm. Figure A3b shows the experimental observation from Bittencourt et al., (1996) . It is clear that our simulation can precisely recover the crack path, as shown in Figure A3c . Connex3, Stratasys ® , Eden Prairie, MN). Specimens dimensions were 100 mm (length), 26 mm (width) with a thickness of 7.8 mm, and contained an 11-mm long edge notch. The design is shown in Figure A4a .
The 3-D printing was performed with a multi-materials set-up in order to mimic the collagen fibrils and the interfibrillar matrix in biomaterials. Two different PolyJet materials were used; one is a rigid polymer (VeroWhite, Young's modulus ~ 2000-3000 MPa, by Stratasys ® ) printed as collagen fibrils, the other is a soft rubber-like polymer (TangoBlackPlus, breaking strain ~ 170-220 %, by Stratasys ® ) printed as a soft matrix. The supporting material (SUP705, an acrylic compound by Stratasys ® ) for 3-D printing process was removed in a solution of caustic soda and sodium metasilicate without damaging the other components after printing.
In each printed single lamella (650 μm in th m in thickness), the collagen fibrils were printed as cylinders in a specific orientation with a 500-μm in th m diameter (interspace is 75 μm in th m); all the fibrils are embedded in a soft matrix, as shown in Figure A4b -c. The synthetic Bouligand structure was composed by 12 different lamellae with specific stacking sequences. The stacking angles in single Bouligand sample were arranged as -90°, -75°, -60°, -45°, -30°, -15°, 0°, 15°, 30°, 45°, 60°, 75°, while those in double-twisted structure were 0°, -90°, 15°, -75°, 30°, -60°, 45°, -45°, 60°, -30°, 75°, -15° (the stacking angle was defined as in Figure 6a ). Note that in these 3-D printed samples, the white fibers were embedded in the black matrix as shown in Figure A4a . The matrix is actually a continuous body and consequently does not have boundaries between different layers; it can therefore be regarded as representing the perfect bonding case in any finite simulation.
Mechanical testing: Uniaxial tensile tests were performed on a screw-driven mechanical testing machine (Instron-5933, Norwood, MA) with a 2 kN maximum load cell as shown in Figure A1d . The specimen gauge lengths were set at 38 mm. Testing was carried out in room temperature air at a cross-head speed of 10 mm.min -1 . 
